Abstract -The objective of this work was to identify the spectral bands, vegetation indices, and periods of the canola crop season in which the correlation between spectral data and biophysical indicators (total shoot dry matter and grain yield) is most significant. The experiment was carried out during the 2013 and 2014 crop seasons at Embrapa Trigo, in the state of Rio Grande do Sul, Brazil. A randomized complete block design was used, with four replicates, and the treatments consisted of five doses of nitrogen topdressing. Plant dry matter, grain yield, and phenology were measured. The canola spectral response was evaluated by measuring the canola canopy reflectance using a spectroradiometer, and, with this data, the SR, NDVI, EVI, SAVI, and GNDVI vegetation indices were determined. Pearson's correlations between the spectral and biophysical variables of canola showed that the red (620 to 670 nm) and near-infrared (841 to 876 nm) bands were the best to estimate the dry matter. The vegetative period is the most indicated to obtain the most significant correlations for canola. All the used vegetation indices are adequate for estimating the dry matter and grain yield of canola.
Introduction
Research programs should focus on grain yield, since, from an economic viewpoint, it is the most important variable to the farmer because it determines the economic return of the crop.
Grain yield can be predicted by agrometeorologicalspectral models in which the spectral variable is usually represented by vegetation indices, considered remote indicators of vegetation vigor. Theses indices are proposed based on the antagonistic response of the vegetation reflectance in the spectral regions of the visible and near infrared due to the accumulation of biomass (Jensen, 2009) . The higher the amount of biomass, the lower the reflectance is in the visible region due to the increased absorption by the photosynthetic pigments. In the near infrared, the increased biomass causes the reflectance to increase due to increased multiple scattering and additive reflectance (Jensen, 2009; Ponzoni et al., 2012) .
Agrometeorological-spectral models, with some variants in the selected terms and the type of adjusted equations, have been proposed in the literature (Rosa et al., 2010; Mabilana et al., 2012) . Studies have been conducted in areas with climatic and management conditions similar to those of the present study for the following annual crops: soybean (Melo et al., 2008) , irrigated rice (Klering et al., 2016) , and wheat (Junges & Fontana, 2011) . Despite the importance of grain yield studies, models to estimate canola grain yields adjusted to the specific management and climate conditions of the state of Rio Grande do Sul are not yet available in the literature.
Canola (Brassica napus L. var. oleifera) has become an interesting, feasible option as a winter cereal for crop rotation in southern Brazil. Also, its high oil content in the grains generates great liquidity in the market, increasing crop demand and demand for specific knowledge regarding the culture to meet production bottlenecks and increase the crop productive efficiency in the predominant subtropical climate conditions, in Rio Grande do Sul. Although the introduction of canola in Brazil is not recent, research on this culture is still not very expressive, requiring efforts to increase the basis of information and knowledge.
It may be assumed that models similar to those used for other annual crops can also be adjusted for canola. Therefore, basic studies to identify the most relevant variables that best relate to the biophysical variables of canola must be pursued since these must be the input variables in the models.
Thus, this study aimed to model grain yield of canola, focusing on the spectral component of the agrometeorological-spectral models. The objective was to identify the spectral bands, vegetation indices, and periods of the canola crop season in which the correlation between spectral data and biophysical indicators (total shoot dry matter and grain yield) is most significant.
Materials and Methods
The experiments were conducted in the experimental area of Embrapa Trigo (28º11'40"S, 52º10'20"W), in the municipality of Coxilha, in the state of Rio Grande do Sul, Brazil, during the 2013 and 2014 harvests. The climate of the region is Cfa type, according to Köppen's classification. The Hyola 61 canola cultivar was sown and the study followed a randomized complete block design with four replicates. The treatments consisted of five doses of nitrogen top dressing: 10, 20, 40, 80, and 160 kg ha -1 N (urea, 45% nitrogen) to characterize the different management conditions and increase the variability of the crop's spectral and biophysical responses. The previous summer crops were soybean and bean in the 2013 and 2014 crop years, respectively.
Canola was sown spaced 0.34 m between rows and with minimum sowing density of 40 plants per square meter on April 22, 2013 and April 29, 2014. From the emergence of the seedlings, two paired plants, representative of the plot, were collected biweekly to determine shoot dry matter. After collection, in the laboratory, the plants were separated in leaves, branches, flowers and siliques, and then placed in a forced air circulation oven for drying until constant mass at 70ºC. Also, plant phenology was recorded every four days. The new phenological stage of the canopy/plot was defined as a stage at which at least 50% of the plants had entered that stage. Areas of 1.02 and 6 m 2 per plot were manually harvested and threshed using a plot harvester (Wintersteiger, Nursery model, Austria) to determine grain yield in the 2013 and 2014 harvests, respectively. After the threshing, the grains were packed in tagged paper containers, which were placed in a forced air circulation oven for drying to a constant mass at 70°C. After the grains were dried to a constant mass, they were sieved through for cleaning and weighed to determine dry matter and grain yield (calculated at 8% humidity).
Canola spectral response was evaluated by measuring canopy reflectance using a LI-1800 spectroradiometer (LI-COR, Lincoln, Nebraska, USA) with 2 nm spectral resolution, between 350 nm and 1,100 nm, at 1 m above the top of the canopy. A barium sulfate plate (BaSO 4 ) was used to simulate a Lambertian surface of known reflectance as reference. Canopy reflectance was given as the ratio between the energy reflected by the canopy and by the reference plate. The measurements were performed on clear 
in which: ρ nir , ρ r , ρ g , and ρ b are the reflectances in the near infrared (841 to 876 nm), red (620 to 670 nm), green (545 to 565 nm), and blue (459 to 479 nm), respectively; L is the constant that minimizes soil effect (L=1); G, gain factor (G=2.5); C1 and C2, the adjustment factors to correct for atmospheric aerosols (C1=6.5 and C2=7.5).
The spectral bands used to compute the vegetation indices were made compatible with the moderate resolution imaging spectroradiometer (Modis) sensor band width and sensitivity by applying a filter function obtained from the spectral library of the ENVI 5.0 software (Exelis, 2016) . Therefore, the reflectance data were multiplied by the filter function values for each wavelength and, then, the band mean was calculated. This compatibilization aimed at allowing subsequent comparisons with orbital data.
The total shoot dry matter and grain yield data of canola were subjected to the analysis of variance, at 5% probability, while the model included the fixed effects of block, treatment, year, and treatment x year interaction. The total shoot dry matter evaluations performed throughout 2013 and 2014 were considered as measures repeated in the time. The treatment means were compared by Tukey's test, at 5% probability. The data obtained in the two harvests were treated as a single dataset separated into three crop cycles: vegetative, flowering and maturation. Then, Pearson's correlations were established between: the shoot dry matter accumulated and the reflectance in the blue, green, red and near-infrared bands; total shoot dry matter and vegetation indices; and grain yield and vegetation indices. The maximum vegetation index (maximum value obtained in the cycle) and the sum of all vegetation indices (summation of the values obtained in the cycle) were correlated with grain yield. Pearson correlations were tested by Student's t-test, at 1% probability.
Results and Discussion
The different nitrogen treatments and the evaluations over two harvesting periods, with different meteorological conditions, promoted the expected variability of the crop biophysical indicators. Total shoot dry matter and grain yield varied significantly, which allowed correlation analyses.
The accumulated shoot dry matter was higher for all treatments in the 2013 crop year compared with 2014 (Table 1) . The values of this biophysical indicator were significantly different between the doses of topdressing nitrogen fertilization treatments, and higher for the 160 kg ha -1 N in comparison with 10 and 20 kg ha -1 treatments for both harvests (Table 1) . Grain yield was also significantly higher in 2013 compared with 2014 crop year, which varied between 2,595.79 kg ha -1 (10 kg N ha ) in 2014. The pattern found is similar to the results found by Kaefer et al. (2014) , who subjected canola plants to increasing doses of nitrogen fertilization and reported increased grain yield. The higher grain yield in the 2013 crop year was expected, due to the differences observed in the shoot dry matter between the two harvests.
The different values of shoot dry matter accumulation and grain yield between the two harvests can be attributed especially to different meteorological conditions during the crop growth cycle. The lower air temperature in the 2013 crop year, compared with 2014 crop year, favored plant growth and acclimatization. Dalmago et al. (2009) stated that the canola cultivated in southern Brazil does not require vernalization, but it develops better in mild average air temperatures. The acclimatization of canola plants to low temperatures consists of a series of physiological, molecular and biochemical changes, including increased leaf thickness (Rapacz, 1999 higher air temperatures in 2014 accelerated the canola growth cycle, which resulted in lower growth and consequently lower accumulation of shoot dry matter (Pinto et al., 2017) .
The spectroradiometer measurements also showed higher accumulated shoot dry matter in 2013, which displayed a different pattern throughout the electromagnetic spectrum. In the two harvests, the reflectance (Figure 1 ) increased in the red, yellow and green bands from the vegetative period until flowering, and decreased during the grain filling period. On the contrary, in the blue band, the spectral reflectance decreased from the vegetative to the flowering period, and increased during grain filling. In the near infrared, the reflectance decreased steadily from the vegetative period to the end of the cycle.
Despite the similar spectral reflectance patterns of the two harvests (Figure 1 ), the reflectance in the red and yellow bands was lower in 2014, in comparison with the reflectance in 2013, in the flowering period, and the reflectance was higher in the vegetative and grain filling periods in 2014 in comparison with 2013. In the vegetative and grain filling periods, in 2013, canola had greater biomass yield, which absorbed more radiation in the red and yellow bands for the photosynthesis processes, compared with 2014. During the flowering periods, the reflectance increased less in 2014 than in 2013, possibly indicating that in 2014 there were fewer flowers in the canopy, which reflected more radiation in the visible bands.
The higher shoot dry matter (Table 1) (1) Means followed by equal letters, uppercase in the rows and lowercase in the columns, do not differ by Tukey's test, at 5% probability. and photosynthetically absorbed active radiation (Jensen, 2009) . Furthermore, greater variability of the vegetation indices was also observed in 2014.
In the vegetative period, Pearson's correlation coefficients (r) between the accumulated total shoot dry matter and the reflectance levels of the spectral bands analyzed (Figure 3 ) were negative and significant in the blue (-0.63) and red (-0.80) bands, negative and nonsignificant in the green (-0.25) , and positive and significant in the near-infrared (0.76) ones.
The observed data pattern is consistent with the current knowledge on the interaction between solar radiation and the dense and green vegetative canopy. The higher the biomass in the canopy during the cycle, the lower the electromagnetic radiation (REM) reflectance is in the visible bands, due to the greater amount of photosynthesizing pigments absorbing the radiation to carry out photosynthesis (Ponzoni et al., 2012) , which resulted in negative correlation coefficients. The correlation coefficient was not significant in the green band because photosynthetic pigments do not absorb the solar radiation in this band, thus determining the reflectance peak in the green band in the typical vegetation reflectance curves (Jensen, 2009) . The opposite of the blue and red bands was observed in the near infrared, that is, the higher the biomass in the canopy, the greater the REM reflectance was, which resulted in positive correlation coefficients. It is noteworthy that the red and near infrared bands are widely used to calculate vegetation indices because they are the most well correlated with green biomass. Monteiro et al. (2012) correlated the LAI with hyperspectral data in a bean crop and reported negative correlations between the LAI and the bands at the visible wavelengths, and positive bands at the near infrared wavelengths.
During flowering, the correlation coefficients were negative in the blue (-0.23) and near infrared (-0.40) bands, and positive in the green (0.40) and red (0.46) bands, but not statistically significant (Figure 3 ). Positive coefficients indicated that both reflectance and shoot dry matter of canola increased as result of a large amount of inflorescences in the canopy during canola flowering, which reflected part of the visible radiation, increasing this band reflectance. According to Thomas (2003) , in the flowering peak, canola produces a layer of flowers about 30-cm thick, which can reflect the visible electromagnetic radiation, reducing the amount of solar radiation that could be used by photosynthetically active plant structures of the plant. In the near infrared, the correlation coefficient was negative, possibly due to the lower reflectance at these wavelengths, because the leaves were below the flower layer, with less interaction with REM.
Reflectance and biomass were not correlated at maturation, and the correlation coefficients were lower than the previous ones and were not statistically significant (Figure 3 do not perform photosynthesis, the grains (drains) (Slewinski & Braun, 2010) . The plants enter the senescence process during this stage, increasing the variability of the relationship between incident and reflected solar radiation. Positive and statistically significant correlation values were observed between all vegetation indices (SR, NDVI, EVI, SAVI, and GNDVI) and shoot dry matter of canola (Figure 4 A) , in the vegetative period. In contrast to it, the correlation coefficients were negative and not statistically significant for all vegetation indices during flowering. In the maturation period, correlation coefficients were again positive for all vegetation indices, but statistically significant only for the SR and NDVI indices.
The higher correlations between the vegetation indices and shoot dry matter in the vegetative period were expected since, in this period, the plant biomass in the canopy increases through the photosynthetic process, and the vegetation indices are known to be highly correlated with the chlorophyll content and green biomass (Jensen, 2009) . Negative correlation coefficients during flowering were due to the slightly increased or even unchanged total plant biomass, and decreased vegetation indices. This decrease can be attributed to the increased reflectance in the visible bands caused by the flowers, as already mentioned. During maturation, the correlation coefficients were again positive, as both total biomass and vegetation indices decreased. However, the coefficients were lower than those in the vegetative period. The flower petals usually fall during maturation, but interception and absorption of photosynthetically active radiation (PAR) by siliques and stems may continue. Fochesatto et al. (2016) evaluated the interception efficiency of PAR by canola reproductive structures and stems for five nitrogen doses (10, 20, 40, 80 , and 160 kg ha -1 N) and reported that the efficiency of PAR interception by the reproductive structures and stems of the canola canopy can reach 70% of the total canopy interception in the plots treated with 160 kg ha -1 N. Therefore, intrinsic characteristics of the canola crop, such as the intense flowering and the existence of photosynthesizing structures besides the leaves, make the interaction between the crop and solar radiation, as well as its detection by remote sensors, very specific. These characteristics are important and should be taken into account both for the differentiation of other crops and for the construction of grain yield estimation models.
The grain yield and vegetation indices had positive correlation coefficients for both analyzed parameters (the maximum value of vegetation index during the cycle and the sum of all vegetation indices in the same period) (Figure 4 B) . However, the correlation coefficients between grain yield and the sum of all vegetation indices in the cycle were similar and statistically significant for all vegetation indices, and higher than the correlation coefficients of grain yield with the maximum vegetation index, which were not statistically significant. This pattern is consistent because the sum of all vegetation indices is related to the development of biomass during the development cycle. Despite being related to higher biomass accumulation, the maximum vegetation index is limited by the saturation of vegetation indices, more evident in some indices such as NDVI in high biomass values (Risso et al., 2012) .
The vegetation indices, expressed from parameters derived from reflectance curves -the maximum vegetation index during the cycle and the sum of all vegetation indices in the same period -, have been widely used, especially in the context of grain yield modeling. Junges (2011) found positive correlations between the maximum and the integrated NDVI, for wheat grain yield in Rio Grande do Sul. Similarly, Rodrigues et al. (2013) associated vegetation indices and absorption of atmospheric CO 2 , which is useful in the context of climate change discussions.
There is, therefore, a correlation between the spectral data (vegetation indices) and the biophysical data of the canola (which reflect plant biomass growth), allowing the use of these spectral data to feed spectral or agrometeorological-spectral models of grain yield and biomass increase.
Conclusions
1. The most indicated spectral bands to obtain the most significant correlations for canola (Brassica napus) are the red and near-infrared, while the vegetative cycle is the most appropriate phenological stage, under subtropical climate conditions.
2. The vegetation indices SR, NDVI, EVI, SAVI, and GNDVI are appropriate to represent the total shoot dry matter and the grain yield of canola.
3. The best results for grain yield estimation using vegetation indices are obtained by summing all the index values recorded during the canola cycle.
